Introduction
High peak power, eye−safe lasers attract the great interest for variety of applications, including laser radars, range finders, active imaging, and remote sensing of aerosols. Eye−safe laser sources should generate radiation within a band of 1.5-1.6 µm of a wavelength. Within this band, the radiation is absorbed mainly in the ocular fluid of the eye before the retina. This bulk absorption greatly increases the optical damage threshold of the eye. Three types of eye−safe lasers are of the practical importance, i.e., lasers with er− bium (Er) doped media directly operating at 1.54 µm wave− length [1] [2] [3] [4] [5] [6] , Raman lasers pumped by pulsed neodymium (Nd) lasers operating at the strongest 1064 nm or 1340 nm lines [7] [8] [9] [10] , and optical parametric oscillators (OPO) pum− ped by high peak power Nd lasers [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
Nowadays, in our opinion, the best approach for a pul− sed eye−safe laser is the application of an OPO pumped by high peak power Nd laser. The main advantages of such type of lasers are the matured technology of pumping lasers, high efficiency approaching quantum limit, possibility of tuning and controlling a signal wavelength, commercial availability of wide range of nonlinear crystals, including periodically poled structures (PP−crystals) see, e.g., Refs. [16] [17] [18] [19] , much lower threshold intensities in comparison to Raman lasers, high repetition rates or even cw regime possi− ble due to application of PP−crystals, compactness and rela− tively low thermal limitations comparing to Er lasers, rug− ged and compact design especially when diode−pumping and passive Q−switching are chosen.
The optical parametric oscillator based on KTP crystal, pumped by a Q−switched neodymium laser seems to be one of the best systems fulfilling such requirements. The aim of this work is to examine intracavity optical parametric oscil− lator (IOPO−KTP) inside a diode pumped passively Q−swi− tched Nd:YLF laser as a potential eye−safe transmitter des− tined for range finding. Previously, we have reported the IOPO−KTP inside passively Q−switched quasi cw diode− −pumped Nd:YAG slab laser [30] and inside acousto−opti− cally Q−switched cw diode pumped Nd:YVO 4 laser [31] . The main disadvantages of cw diode pumped Nd:YAG laser are the severe thermally induced birefringence and bifo− cusing effects in a laser crystal significantly lowering effi− ciency of a linearly polarized output. For a passively Q−swi− tched laser, the large emission cross section of Nd:YVO 4 crystal is not favourable. To overcome these disadvantages, we have decided to use, as a gain medium, the Nd:YLF crystal which compared with Nd:YAG or Nd:YVO 4 has the longer lifetime, the smaller emission cross section and better thermo−optic properties. The passively Q−switched Nd:YLF laser allows to obtain high energy per a pulse. It is known that IOPOs can generate the pulses that are more than one order of magnitude shorter than those emitted by the opti− mized Q−switched laser without the IOPO [26] . As the rangefinder resolution critically depends on the pulse width, the pulse shortening for IOPO can be beneficial. In this work we report on a passively Q−switched end pumped Nd:YLF laser with IOPO−KTP. Section 2 is devoted to the review of properties of a KTP crystal which are important for the design of eye−safe OPO pumped by Nd:YLF laser. In Sect. 3 we give a theoretical model of IOPO describing the temporal evolution of the pump and the signal intensities and the gain coefficient. In Sect. 4 we report performance of the singly resonant OPO, intracavity pumped by passively Q−switched Nd:YLF laser. The IOPO was optimized by the numerical analysis of the theoretical model. For the Q−swi− tching operation, we have used Cr:YAG saturable absorber. We have achieved 1.6−ns duration pulses at 1547 nm with the energy of 0.5 mJ and the peak power of above 300 kW. The beam quality was excellent (M 2 »1). We show theoreti− cally and experimentally the IOPO emitting a single pulse or a train of pulses, depending on the signal cavity finesse for the given pumping level. The conclusions were given in the last part.
KTP crystal nonlinear properties
The OPO consists of a nonlinear crystal that is inserted into a cavity formed by two mirrors. Two optical fields are gen− erated in the OPO due to the parametric interaction with the pump field and they are called the signal and the idler fields. The parametric process continues with the signal and the idler waves both growing and the pump wave decaying as a function of a distance in the crystal. Since each pump pho− ton generates two photons at the signal and idler frequency, energy conservation law requires
where n p , n s, n i are the frequencies of the pump, signal and idler fields, respectively. In order to achieve significant parametric amplification, it is required that the momentum−matching condition is fulfilled r r r k k k
where r r r k k k p s i , , are the wave vectors of the pump, signal and idler fields, respectively.
The crystal KTiOPO 4 (KTP) is being widely used for OPO pumped by Nd:YAG and Nd:YVO 4 lasers. The crystal may be positioned in a cavity to achieve noncritical phase matching for a pump wavelength of 1047 nm and a signal wavelength near 1547 nm. Noncritical phase matching max− imizes the effective nonlinear coefficient (d eff = 3.5 pm/V) and eliminates walk−off. It has relatively good thermal prop− erties and a high damage threshold.
The indices of refraction of the KTP crystal, for any propagation direction r s s s s 
s s s
where q is the angle to the z axis, f is the angle to the x axis in the x−y plane. The indices of refraction vs. wavelength are given by Sellmeier equations [32] . , (5) where l is in µm.
Equations (1) and (2) may be written in the following form
In this paper, to pump an eye−safe OPO we have used Nd:YLF laser which generates at 1047−nm wavelength, dif− ferent than Nd:YAG one. For a pump wavelength of 1047 nm we have solved numerically Eq. (6). For noncritical phase matching, for collinearly propagating waves in the x−z plane in KTP along the x axis, for the polarization of the pump and signal waves along the y axis and idler one along z axis, the solution in a function of a pump wavelength is shown in Fig. 1 . The OPO pumped by Nd:YLF laser at 1047 nm generates a signal wave at 1547 nm and an idler wave at 3240 nm.
Tuning of the signal and idler wavelengths for OPO pumped at 1047 nm, as a function of the angle q (f = 0 ), is shown in Fig. 2 
Intracavity optical parametric oscillator pumped by passively Q−switched Nd:YLF laser 
Solving numerically Eq. (6), for noncritical phase matching, for different temperatures of KTP crystal, we have obtained a characteristic which is shown in Fig. 4 . A change of the crystal temperature in range from -40°C to 60°C causes tuning of a signal wavelength only of 2 nm. It was shown that temperature range of efficient parametric generation for such a crystal is -32°C-90°C [14] . Thus, no precision temperature control or stabilization is required. The above properties of KTP are excellent for eye−safe transmitter destined for range finding.
Theoretical model of IOPO pumped by passively Q-switched laser
The optical scheme of an IOPO is presented in Fig. 5 . The main cavity, called the laser cavity, is formed by the two mirrors M and M out . These mirrors have high reflectivity for the pump field which is generated in the laser crystal. This field pumps the OPO which is located in the laser cavity. The OPO consists of a nonlinear crystal positioned between two mirrors M p and M out . The laser is passively Q−switched by means of a saturable absorber (pQ).
The framework of our numerical analysis is the rate equation model of IOPO given by Falk [23] joined with the model of passively Q−switched laser given by Degnan [33] . Moreover, the excited state absorption in the passive Q−swi− tch and depletion of a ground state of an active medium are taken into account. We have assumed that the condition of perfect phase matching is fulfilled (Ref. 23 ) and we have taken the intensities instead the electric field magnitudes into consideration. Our model consists of the set of five or− dinary differential equations as follows , (14) r b a r
where I p , I s , I i are the intensities of the pump signal and idler waves, P p is the pumping rate, k(t) = sN(t) is the gain coef− ficient in a laser medium [1/m], s is the emission cross sec− tion, N is the population inversion density in a laser me− dium, N a is the concentration of active ions in laser crystal, s g is the ground state absorption (GSA) cross section of the passive Q−switch, s e is the excited state absorption (ESA) cross section of the passive Q−switch, t a is the fluorescent lifetime in a laser medium, a g = s g N g is the ground state ab− sorption coefficient of passive Q−switch, N o is the concen− tration of active ions in passive Q−switch, r g (t) is the satura− ble loss coefficient of passive Q−switch, r e (t) is the loss co− efficient resulting from the excited state absorption in pas− sive Q−switch, E a = hn/s is the saturation energy for an ac− tive medium, E g = hn/s g is the saturation energy for GSA, l a , l s , l are the lengths of the laser medium, the passive Q−switch and the nonlinear OPO crystal, respectively, L, L OPO are the optical lengths of the laser and OPO resonators, respectively, t r , t OPO are the cavity roundtrip time of the la− ser and OPO, respectively, D, D s , D i are the dissipative losses at pump, signal and idler wavelengths, R, R s , R i are the output coupler reflectivity at pump, signal, and idler wavelengths, d eff is the effective nonlinear coefficient of the OPO crystal, n p , n s , n i are the refractive indices of OPO crystal at pump, signal and idler wavelengths, respectively, e o is the dielectric constant, c is the light velocity and K is the non−linearity of OPO converter. The three first equa− tions describe a passively Q−switched laser by a slow ab− sorber with the longer lifetime than the laser pulse duration. The two last equations describe a doubly resonant paramet− ric oscillator (DRO). For IOPO, these models are coupled by the nonlinear parameter K.
Experimental model of IOPO
Investigations on intracavity optical parametric generation were carried out in the experimental set up the optical scheme of which is shown in Fig. 6 .
The fiber coupled diode of 30−W power emitting at 0.792−µm wavelength was used for end pumping of 0.8% Nd−doped YLF crystal rod of f 3 mm × 12 mm size with anti−reflection coating on both facets at 1047 nm and 790 nm wavelengths. The laser rod was wrapped with in− dium foil and mounted in copper heat−sink maintaining 293 K temperature of coolant water.
The diode wavelength was tuned via control of thermo−electric cooler voltage to maximize the absorbed pump power. The concave rear mirror M of the radius of a curvature of 1 m and high reflectivity at 1047−nm wave− length and anti−reflective at the diode pump wavelength was used. The IOPO cavity consists of the internal flat mirror M p , the KTP crystal of 30−mm length and the flat out− put−coupling mirror M out .
The internal mirror (pump mirror) was highly reflective at the signal wavelength (1547 nm) and anti−reflective at the pump laser wavelength (1047 nm). The transmission of this mirror was about 98% at 1547 nm wavelength. The output mirror was highly reflective at the pump wavelength and has up to 70% transmission for the signal wavelength. To optimize the transmission T of this mirror at a signal wave− length, the theoretical model presented in Sect. 3 was ap− plied. The KTP crystal of 30−mm length 'x−cut' for non−crit− ical phase matching was used. Our IOPO, depicted in Fig. 6 , is the singly resonant oscillator. In this device, the KTP crystal is located inside a resonator that provides feedback only at the signal frequency. The resonator exhibits high losses for idler frequency.
All holders of optical elements were positioned as near as possible to the mirrors. The total length of IOPO was 160 mm. Pulsed operation was achieved using some Cr 4+ :YAG passive Q−switches. The Cr:YAG was not actively cooled. The pump diode worked in quasi−cw regime and emitted the pulses of 500 µs of pulse duration with repetition rate 200 Hz with the maximum pump energy up to 8. 
Free running and Q-switching experiments for Nd:YLF laser
To estimate quality of a laser crystal, pumping scheme and parameters of such a cavity of 160−mm length, mea− surements of a free−running operation without OPO ele− ments and with them were carried out. As rear mirrors, we have tested the mirrors of 300−mm, 500−mm or 1000−mm radii of curvature and as the output coupler, the flat mir− rors of 10%, 20%, and 30% of the transmission at 1047−nm wavelength. For the best output mirror of 20% of transmission, the output energy vs. the diode pump en− ergy was shown in Fig. 7 . More than 3 mJ of the output pulse energy was achieved. In IOPO we used the rear mir− ror of 1000 mm radii of curvature. For maximum pump energy we made an estimate of the initial gain coefficient k i (2l a k i is the logarithmic small−signal gain). It was 63 m -1 . The effective dissipative loss coefficient was esti− mated as r d = 4.8 m -1 .
For optimization of pulse energy of Q−switched laser by Cr:YAG absorber [35] we have used the theoretical model described in Ref. 34 . Analytical solutions for the optimized operation of passive Q−switched lasers are described by Eqs. (9), (10) Table 1 . For the la− ser with Q−switch of initial transmission of 56% and the out− put mirror of transmission of 30% we have obtained the pulses of the energy 1.07 mJ and the pulse duration of 11.5 ns. The oscilloscope trace of a laser pulse is shown in Fig. 8 .
The laser pulse was generated of about 480 µs after the start of the pump pulse (see Fig. 9 ). The peak power of 93 kW was achieved. Table 1 . Characteristics of passive Q−switched Nd:YLF laser. 
4.2.Experimental and theoretical results for IOPO -KTP
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where r d is the dissipative loss coefficient of a laser cavity at the pump wavelength of 1547 nm. Because in our experiment for k i = 63 m -1 and r d = 5 m -1 , we have obtained T 0 498 ³ . % from Eq. (18) . Finally, we have used Q−switch of initial trans− mission of 50%. To optimize the output energy we have solved numerically the theoretical model presented in Sect. 3 for different transmissions of the output mirror. For calcula− tion, the fourth−order Runge−Kutta integration algorithm was used. We have limited a scope of numerical analysis to the case of single resonant OPO. It means that the total losses at an idler wavelength are of several orders higher comparing to the signal ones. The numerical results of the signal pulse, pump pulse, gain and loss coefficients calculated for T out = 70% are shown in Fig. 10 .
The mechanism of a signal pulse build up, illustrated in Fig. 10 , can be described in the following way. Firstly, in the pump pulse generation stage, intensity of the pump nonlinearly increases till to the threshold of OPO. Starting at such a point, the nonlinear losses for a pump (the last com− ponent in the 3−rd equation) rapidly increases causing very fast decrease in a pump pulse with simultaneous rapid in− crease in a signal (see Fig. 10 ). If the inversion in active me− dium is almost completely depleted, we observe single pulse generation. There exist the optimum of signal trans− mission losses and non−linearity resulting in the highest en− ergy or the peak power. The trailing slope of a pump pulse and increasing slope of a signal are very short, with the op− posite slopes much longer. The signal pulse duration is much shorter comparing with the pump one for the fulfilled conditions of maximum signal energy extraction and de− pends mainly on OPO cavity length and a total signal losses level. The IOPO behaves as a cavity dumper. As a rule, the accompanying idler pulse has much lower peak power but also much shorter duration as a result of significant total losses at the idler wavelength. In the extreme case, for too high threshold of OPO, only the pump pulse generation oc− curs. The calculated values of signal fluency and signal peak power vs. transmission of the output mirror are shown in Fig. 11 .
Let us notice that the optimum reflectivity R s,pp with re− spect to the peak power is lower than the optimum value of R s,e with respect to the output energy. Decrease in the reflec− tivity R s causes increase in OPO threshold and decrease in pulse duration and final inversion.
The optimal mirror, which maximizes the output energy, has the transmission of 70%. We have used such a mirror in IOPO and we have obtained very short signal pulses of 1.6 ns duration and 0.5 mJ of energy. As it was shown in Fig.  11 , the pulses of IOPO are seven times shorter than the pulses generated by Nd:YLF laser (Fig. 6) . The achieved peak power of 300 kW of the signal pulses at 1547 nm was above three times higher than the pulses of Nd:YLF laser. The oscilloscope trace of the signal pulse is shown in Fig.  12 . The signal pulse was generated of about 470 µs after the start of the pump pulse (see Fig. 13 ). If the threshold of OPO is relatively low, the total energy of pulses (at pump, signal and idler wavelengths) is low and the inversion in gain medium and occupation of fundamen− tal level of passive Q−switch remain relatively high just after the end of the pulse. Thus, the process of the following pump pulse generation starts resulting in the series of pulses (see Fig. 14) . Such two regimes of passively Q−switched IOPO were established in the experiments and analyzed the− oretically in several works [23, 26, 28, 30] . With increase in the non−linearity d eff , transition to series regime may be achieved even for the low reflectivities R s .
Intracavity optical parametric oscillator pumped by passively Q−switched
The transition between the regimes for the given pump rate, passive and saturable losses at pump wavelength de− pends on the effective threshold of OPO generation. The OPO threshold depends on non−linearity of a crystal as well as on total losses at the signal and idler wavelengths. We have shown in numerical experiments that for the given non−linearity of a crystal (i.e., fixed values of d eff and a crys− tal length), the transition between the regimes can be ac− complished due to a change of reflectivity of the output mir− ror at a signal wavelength. The regime of generation of two signal pulses we observed both in a theoretical model and in an experiment for the reflectivity of the output mirror of 90% (see Figs. 14 and 15 ).
Conclusions
We have reported realization of a passively Q−switched end pumped Nd:YLF laser including a noncritically phase−matched KTP singly resonant intracavity optical parametric oscillator (IOPO−KTP) which efficiently con− verts the energy between the 1047−nm and the eye−safe 1547−nm wavelengths. For the Q−switching operation we have used Cr:YAG saturable absorber. The optimized passively Q−switched Nd:YLF laser without IOPO has generated linearly polarized pulses of 11.5 ns and 1.07 mJ at 1047 nm. The conversion efficiency of the optimized Q−switched pulse energy at 1047 nm to 1547 nm of the signal approached about 47%. To optimize both Nd:YLF laser and IOPO, we have solved numerically our theoreti− cal model. We have achieved 1.6−ns duration pulses at 1547 nm with the energy of 0.5 mJ and the peak power of above 300 kW. The beam quality was excellent (M 2 »1). The IOPO produced 1.6−ns pulses which are more inter− esting for high−resolution laser ranging applications com− paring with the longer pulses that would be generated in an extra−cavity OPO. The high peak power of 300 kW makes these output signal pulses interesting for further nonlinear conversion. 
